Summary

23
A puzzling question in conservation biology is how to maintain overall fitness of individuals 24 bred in captive environment upon release into the wild, especially for rehabilitating 25 declining or threatened species [1, 2] . For salmonid species, a heritable change in fitness 26 related traits and gene expression has been reported to occur in a single generation of 27 captivity in hatchery environment [3] [4] [5] . Such rapid changes are congruent with models of 28 inadvertent domestication selection which may lead to maladaptation in the natural 29 environment [4] . Arguably, the underlying mechanism by which captivity may induce 30 fitness difference between wild and captive congeners is still poorly understood. Short-31 term selection on complex phenotypic traits is expected to induce subtle changes in allele 32 frequency over multiple loci [7] [8] [9] . Yet, most studies investigating the molecular basis for 33 rapid change in fitness related traits occurring in hatchery have concentrated their effort on 34 finding evidence for selection at the genome level by identifying loci with large effect. 35
Numerous wild stocks of Pacific anadromous salmon and trout (genus Oncorhynchus 36 and Salmo) have experienced fluctuating abundance over the past century, with a series of 37 sharp declines [6] [7] [8] . With the objectives of preserving ecosystem integrity, enhancing 38 declining populations and sustaining fisheries, conservation hatcheries have been 39 flourishing. This is particularly true along the North American Pacific coast where billions of 40 salmonids, all species included, are released each year. Despite substantial improvement of 41 production management, the beneficial ecological role of hatcheries in enhancing and 42 restoring wild stocks is still debated, mainly because of the reduced fitness and 43 maladaptation of hatchery-fish when released in the wild [3, 5, 9] . Although previous studies 44 showed that domestication selection was involved in such fitness impairment, they also 45 observed that different environmental conditions (e.g. reduced fish density) significantly 46 modulated the physiological acclimation to hatchery environment [4] . 47
Environmental stimuli are especially relevant during early embryonic development, 48 which also correspond to a sensitive methylation reprogramming window in vertebrates 49 [10, 11] . It is therefore plausible that differences in rearing environment during early 50 development may result in epigenetic modifications that could in turn impact on fitness. 51
However, the only epigenetic study to date pertaining to captive rearing in salmonids and 52 performed using methylation-sensitive amplified fragments (MSAP) failed to identify 53 significant changes in methylation profile associated with hatchery rearing [12] 54
Here, we used a higher resolution approach to compare the genome-wide pattern of 55 methylation in hatchery-reared juvenile (smolt) Coho Salmon with that of their wild 56 counterparts in two geographically distant rivers in British Columbia, Canada. Using a 57 reduced representation bisulfite sequencing (RRBS) approach covering an average per 58 individual of about 70 million cytosines in CpG context, we identified 100 methylated 59 regions (DMRs) that differed in parallel between hatchery and natural origin salmon in both 60 rivers. The total variance of epigenetic variation among individuals explained by river or 61 origin and rearing environment in a RDA model was 16% (adj.R 2 =0.16), and both variables 62 equally explained about 8% of the variance after controlling for each other. The gene 63 ontology analysis revealed that regions with different methylation levels between hatchery 64 and natural origin salmon showed enrichment for ion homeostasis, synaptic and 65 neuromuscular regulation, immune and stress response, and control of locomotion 66 functions. We further identified 15,044 SNPs that allowed detection of significant 67 differences between either rivers or sexes. However, no effect of rearing environment was 68 observed, confirming that hatchery and natural origin fish of a given river belong to the 69 same panmictic population, as expected based on the hatchery programs applied in these 70 rivers (see Supplementary experimental procedures). Moreover, neither a standard 71 genome-scan approach nor a polygenic statistical framework allowed detection of selective 72 effects within a single generation between hatchery and natural origin salmon. Therefore, 73 this is the first study to demonstrate that parallel epigenetic modifications induced by 74 hatchery rearing during early development may represent a potential explanatory 75 mechanism for rapid change in fitness-related traits previously reported in salmonids. 76
77
Results
78
Sampling 79
We collected a total of 40 Coho Salmon from two rivers in British Columbia, Canada; the 80 Capilano and Quinsam Rivers (Table S1, Figure S1 ). These systems are well suited to test 81 specifically for the effect of rearing environment on patterns of methylation, independent of 82 the genetic background between fish born in the wild (thereafter natural origin) vs. those 83 born in hatchery (see Supplementary experimental procedures). During their downstream 84 migration to the sea, we collected from each river 10 juveniles (smolt stage) reared in 85 captivity in a local hatchery (fin-clipped; hereafter "hatchery origin") and 10 smolts born in 86 the wild (hereafter "natural origin"). Broodstock for the hatchery fish was collected while 87 returning to spawn in the same year in both rivers. The number of returning adults sampled 88 and used for breeding was 758 and 894 for the Capilano River and Quinsam River 89 populations, respectively. The broodstock included 3 years old females, as well as 2-3 years 90 old males and could represent fish born previously either in hatchery or in the wild. 91
Evidence for parallel epigenetic modifications in hatchery environment 92
We used a Reduced Representation Bisulfite Sequencing (RRBS) approach, with the MspI 93 restriction enzyme, to document both genome-wide methylation and genetic variation. In 94 order to avoid the possibility of falsely interpreting existing C-T DNA polymorphism as 95 epigenetic variation, we first masked the genome (GenBank assembly accession: 96 GCA_002021735.1) by removing all C>T polymorphism (1,896,050 SNPs; maf=0.05) found 97 by whole-genome re-sequencing of 20 fish from British Columbia (Supplementary 98 experimental procedures; Figure S1 ). We used a tiling window approach to quantify the 99 percentage of methylation over 1000-bp regions throughout the masked genome and 100 retained only cytosines in a CpG context for downstream analyses, as these regions 101 represent the responsive methylation context in vertebrates (Supplementary experimental 102 procedures). We used a db-RDA to document methylation variation among hatchery and 103 natural origin fish from both rivers. We first produced a principal coordinate analysis 104 (PCoA) on a Euclidean distance matrix computed using all the raw data and kept axes 105 according to the cumulative broken-stick threshold, which correspond to six axes 106 explaining at least 2.75% of the variance for a total of 42.2% of the variance [13]. A 107 distance-based redundancy analysis (db-RDA) was then produced on the epigenetic 108 variation explained by these PCoA factors (response matrix) with river of origin, rearing 109 environment and sex as explanatory variables. The model was significant with an adjusted 110 R 2 of 0.16 ( Figure 1 ). Both river of origin and rearing environment were significant whereas 111 no significant effect was detected for sex ( Figure 1 ). Partial db-RDAs revealed that the net 112 variation explained by rearing environment (adj.R 2 =0.08; F=4.34; p-value<0.05) was 113 identical to the one explained by the river of origin (adj.R 2 =0.08; F=4.66; p-value<0.01). 114
This shared variation between hatchery origin salmon from both rivers relative to their 115 natural origin congeners provides evidence for similar (parallel) epigenetic modifications 116 induced by hatchery rearing. 117
Moreover, we identified differentially methylated regions (defined as having >15% 118 overall difference; q-value < 0.001; see Supplementary experimental procedures) between 119 rearing environments, using a logistic regression with river of origin as covariates. We 120 identified a total of 100 DMRs that were distributed among 27 chromosomes and 20 121 unmapped scaffolds ( Figure 2 ). The proportion of hypermethylated DMRs was much 122 greater in hatchery origin relative to natural origin salmon (89 vs 11; χ 2 =60.84, df=1, 123 P<0.001), pointing to a general pattern of downregulation of genes associated with these 124 DMRs in hatchery origin salmon. 125
Functional annotation and gene ontology of DMRs 126
We mapped the recently published transcriptome of the Coho Salmon [14] to the species' 127 draft genome (see Supplemental files for details) to infer functional annotation of DMRs. 128
Out of the 100 DMRs, we identified 37 DMRs overlapping 52 unique transcripts and regions 129 comprising 5kb up and downstream of these transcripts. A blastx approach successfully 130 identified 29 unique Uniprot IDs and again revealed an excess of hypermethylation in 131 hatchery relative to wild fish (25 hypermethylated vs. 4 hypomethylated; χ 2 =15.21, df=1, 132 P<0.001; Figure 2 ; Table 1 ). Gene ontology (GO) analysis revealed an over-representation 133 (p-value<0.05 and at least three genes by GO term) of modules associated with ion 134 homeostasis (GO:0055080: cation homeostasis, GO:0042592: homeostatic process, 135 GO:0043167: ion binding, GO:0055065: metal ion homeostasis). It has been shown 136 previously in a closely related species (Rainbow Trout, Oncorhynchus mykiss) that hatchery-137 rearing negatively affects acclimation to seawater as reflected by lower specific activity of 138 NA+ K+ ATPase and lower survival following seawater transfer [15] . We also observed a 139 significant enrichment for functions associated with the immune response (GO:0031347: 140 regulation of defense response, GO:0050727: regulation of inflammatory response, 141 GO:0045321: leukocyte activation), as well as synaptic signal modulation and locomotion 142 functions (GO:0099572: postsynaptic specialization, GO:0050885: neuromuscular process 143 controlling balance). The neuromuscular process controlling balance includes the 144 calcium/calmodulin-dependent protein kinase type II subunit beta (CAMK2B), 145 hypermethylated in hatchery fish, which is a main actor of the neuromuscular 146 communication and regulating Ca 2+ signalling in skeletal muscle tissue [16] . Its activation 147 has also been associated, together with the Ca 2+ signalling, to sustained and endurance 148 muscle exercise in humans and the control of muscle development and excitation [17, 18] . 149
Lower critical swimming performance (Uct) has been documented in hatchery-reared Coho 150
Salmon compared to their wild counterparts following transfer to seawater, and lower 151 average swimming speed has been documented between wild and F1-hatchery Atlantic 152 Salmon (Salmo salar) and Brown trout (Salmo trutta) smolts [19, 20] . Moreover, the 153 serotonin receptor 2C (HTR2C), which regulates appetite and feeding behavior, was also 154 hypermethylated in hatchery fish [21] . Finally, we observed a GO enrichment for 155 transcription factors (GO:0006357: regulation of transcription from RNA polymerase II 156 promoter) which comprised the TATA-binding protein-associated factor 172, also 157 hypermethylated in hatchery-origin fish, which is involved in the global transcription 158 regulation. Genes under TATA box regulation are more able to respond rapidly (within a 159 single generation) to environmental stress, show more variability in their expression range 160 (phenotypic plasticity) compared to non-TATA regulated genes, and account for the 161 appearance of stress induced phenotypes [22] . 162
No evidence for genome-wide differentiation between hatchery and natural origin salmon 163
We mapped the trimmed reads to the masked draft Coho Salmon genome assembly and 164 identified 15,044 SNP markers (other than C-T polymorphism) meeting stringent filtering 165 criteria and spread across the genome. The PCoA was produced on a Euclidean distance 166 matrix of the 15,044 markers. Because no axis could be selected according to the broken-167 stick distribution, we selected all axes explaining at least 2.75% of the variation (10 axes 168 explaining 33.9% of the variance), as previously performed with epigenetic markers [13] . A 169 distance-based redundancy analysis (db-RDA) was produced on the genetic variation 170 explained by these PCoA factors (response matrix) with river of origin, rearing environment 171 and sex as explaining variables. The model was significant with an adjusted R 2 of 0.18 172 ( Figure 3 ). Both river of origin and sex were significant, whereas no significant effect was 173 detected for rearing environment (Figure 3 ). No significant outlier with a genome-scan 174 approach (Bayescan v2.0 [23]) was detected between sexes ( Figure S2 ). Moreover, an 175 AMOVA revealed no significant genome wide difference between rearing environments 176 within river (Fst=0.005 and 0.002, for Capilano River and Quinsam Rivers, respectively; p-177 value>0.05) while the net difference between rivers was highly significant (mean Fst=0.038 178 ± 0.003; p-value<0.001; Table S2 ) [24] . Additionally, heterozygosity and inbreeding values 179 (GIS) were not significantly different between rivers or between hatchery and natural origin 180 fish (Table S3) Indeed, combining a canonical multivariate approach (db-RDA) and pairwise Fst 222 estimates, we found no significant evidence for genetic differentiation between hatchery 223 and natural origin salmon, whereas genetic differentiation was highly significant between 224 rivers systems. These results confirm that hatchery and natural origin fish belong to a single 225 panmictic population, as predicted based on the hatchery programs applied in these rivers. 226
These "integrated programs" are based on local populations and involve spawning in 227 hatchery and natural environments. Hatchery and natural origin fish in each river are not 228 kept separate, thus hatchery origin fish spawn in both the hatchery and the natural habitat 229 as do natural origin fish, which can maintain high gene flow in the whole system. 230 Furthermore, no difference in genetic diversity (heterozygosity or inbreeding 231 coefficient) was observed between hatchery and natural origin salmon, hence not 232 supporting the hypothesis of increased probability of inbreeding depression in hatchery 233 fish for the populations we studied. Finally, we found no evidence of either large effect or 234 polygenic selection acting between hatchery and wild samples when using either a standard 235 genome scan approach or statistical framework appropriate for investigating effect of weak 236 selection in multiple regions of the genome. Therefore, our work corroborates recent 237 findings on juvenile Steelhead Trout (Oncorhynchus mykiss) showing that only a single 238 generation in captivity induced differences on the expression of hundreds of genes in 239 offspring reared in identical environments, without a noticeable overall genetic difference 240 (Fst=0.008; [3]). 241
242
In contrast to the apparent absence of significant genetic differences, our results 243 revealed highly significant differences in methylation profiles between hatchery and natural 244 origin salmon that were as pronounced as those observed between populations from 245 different rivers. Our results differ from a study that compared hatchery-born and wild 246 Steelhead Trout where no significant difference in methylation profiles was observed [12] . 247
It may be that the impact of rearing environment on epigenetic modifications differs among 248 species. It also may be that the negative result for trout was due to the lower resolution of 249 the method available at that time, and indeed, the authors suggested that limited epigenetic 250 differences between hatchery and wild fish could not be ruled out [12] . With a different 251 approach offering substantial increase in genomic resolution, we found evidence for a 252 highly significant effect of hatchery-rearing on DNA methylation profiles in many regions of 253 the Coho Salmon epigenome, when controlling for population structure. Moreover, our 254 results revealed that the same epigenetic modifications developed in parallel between the 255 two independent study systems. 256
In Coho Salmon, it has been shown that hatchery fish are not as efficient as wild fish 257 for rapid seawater acclimation [15] . In addition, acclimation to seawater induces profound, 258 yet transient, changes in methylation levels in Brown Trout (Salmo trutta L.) [31] . We 259 showed that genomic regions demonstrating differential methylation profiles between 260 hatchery and wild salmon in both rivers were enriched for ion homeostasis and control of 261 body fluid levels functions, adding growing evidence that hatchery rearing may affect the 262 osmoregulatory process during smoltification. should be interpreted cautiously because they were limited to muscle tissue only, the 278 enrichment for overall synaptic signal control functions raise the hypothesis that hatchery 279 environment causes epigenetic modifications that may advocate a wealth of physiological 280 and endocrinal differences. For instance, epigenetic differences we observed at some major 281 neurological regulators such as HTR2C may play a role in the commonly observed 282 behavioural differences between captive-reared and wild fish, such as increased 283 aggressiveness, foraging, and boldness [30, [45] [46] [47] [48] [49] [50] . This hypothesis could be tested by 284 comparing methylation profiles in the brain between fish with different aggressiveness, 285 foraging and boldness characteristics [41] . 286
Conclusions and implication for conservation and management 287
The reduced genome representation method used here and the fact that we could 288 investigate only one tissue resulted in only a partial coverage of all possible epigenetic 289 differences that may exist between hatchery and natural origin salmon. As such, our results 290 should be interpreted as being conservative in reflecting the scale of epigenetic 291 modifications incurred in the hatchery environment. Nevertheless, our results suggest that 292 hatchery-rearing induces epigenetic variations that may alter the physiological (i.e. parr-to- 
